The giant muscle protein titin contains a unique sequence, the PEVK domain, the elastic properties of which contribute to the mechanical behavior of relaxed cardiomyocytes. Here, human N2-B-cardiac PEVK was expressed in Escherichia coli and tested-along with recombinant cardiac titin constructs containing immunoglobulin-like or fibronectin-like domains-for a possible interaction with actin filaments. In the actomyosin in vitro motility assay, only the PEVK construct inhibited actin filament sliding over myosin. The slowdown occurred in a concentration-dependent manner and was accompanied by an increase in the number of stationary actin filaments. High [Ca 2ϩ ] reversed the PEVK effect. PEVK concentrations Ն10 g/mL caused actin bundling. Actin-PEVK association was found also in actin fluorescence binding assays without myosin at physiological ionic strength. In cosedimentation assays, PEVK-titin interacted weakly with actin at 0°C, but more strongly at 30°C, suggesting involvement of hydrophobic interactions. To probe the interaction in a more physiological environment, nonactivated cardiac myofibrils were stretched quickly, and force was measured during the subsequent hold period. The observed force decline could be fit with a three-order exponential-decay function, which revealed an initial rapid-decay component (time constant, 4 to 5 ms) making up 30% to 50% of the whole decay amplitude. The rapid, viscous decay component, but not the slower decay components, decreased greatly and immediately on actin extraction with Ca 2ϩ -independent gelsolin fragment, both at physiological sarcomere lengths and beyond actin-myosin overlap. Steady-state passive force dropped only after longer exposure to gelsolin. We conclude that interaction between PEVK-titin and actin occurs in the sarcomere and may cause viscous drag during diastolic stretch of cardiac myofibrils. The interaction could also oppose shortening during contraction. (Circ Res. 2001;89:874-881.) 
V iscosity has long been known to be part of the mechanical characteristics of cardiac muscle. 1 Some 25 years ago, Noble 2 measured the force of cat papillary muscle during diastole at different stretch velocities. A viscous force component appearing above intermediate velocities was hypothesized to cause resistance to stretch during rapid filling of the left ventricle. Chiu et al 3 reported viscous resistance to both stretch and active shortening of cat papillary muscle. They concluded that, at low levels of contractile activation, an internal viscous load may limit the "unloaded" velocity of sarcomere shortening. In a later study, rapid stretch protocols were applied to rat heart trabeculae during the pause between active contractions to investigate a possible origin of the internal viscous force. 4 It was suggested that a main contributor to the viscous effects may be the sarcomere protein titin (also known as connectin). Related studies then raised the possibility that the viscosity may be modulated by [Ca 2ϩ ] in a concentration range in which structures responsible for the generation of contractile force are not yet active; again, titin was considered the main factor involved. 5, 6 However, titin may not be the only element important for the viscosity of cardiac muscle; chronic changes in diastolic viscous properties have been ascribed to increased microtubule density, at least in pressure-overload cardiac hypertrophy. 7, 8 On the other hand, titin expression also appears to be altered in cardiac hypertrophy and failure. 9 Establishing the causes of myocardial viscosity will be important to improve understanding of overall cardiac function in both normal and pathological states.
In contrast to the origin of viscosity, the source of the elasticity of cardiac muscle is well known. Up to modest physiological sarcomere lengths (SLs), the main determinant of elasticity is titin, whereas collagen stiffness dominates at longer lengths. 10, 11 The titin molecules span the I-band of the sarcomere from the Z-line to the A-band edge and continue to run along the length of the half-thick filament, where they are bound to myosin. 12 After the determination of the human titin sequence, 13 the molecular basis of cardiac-titin elasticity was investigated in a series of studies. 14 -19 It was shown that structurally distinct regions of cardiac titin are recruited in a sequential manner during sarcomere stretch. 19 At low stretch forces, chains of serially linked immunoglobulin (Ig)-like domains, which adopt a fairly stable ␤-sheet fold, 20 extend mainly by straightening. At higher forces, two longer sequence insertions of less obvious secondary/tertiary structure unravel, the so-called PEVK domain and a cardiac-specific "N2-B-unique sequence." Cardiac titin exists in two main isoforms termed N2-B and N2-BA; these isoforms express different-length variants of Ig-like regions and PEVK segment. 21 Interestingly, the N2-B:N2-BA isoform expression pattern is altered in dog hearts exposed to prolonged pacing tachycardia, which impairs determinants of left ventricular diastolic suction. 22 Preliminary evidence suggested that the extensible region of cardiac titin might interact with other I-band proteins. 23 Interaction of whole titin with actin earlier was demonstrated in vitro. 24 -26 However, it remained unclear which sites along the titin molecule are involved in the interaction. A couple of expressed globular titin domains derived from the A-band edge were found to associate with actin in vitro, 27, 28 and the interaction was proposed to be important for the viscosity of the sarcomere. 6 However, a study from our laboratory showed that actin binding is no general feature of the globular domains in cardiac titin. 17 In the present work, we confirmed the lack of interaction between actin and ␤-sheet titin domains and probed a possible actin association of the cardiac PEVK domain. Results show that recombinant cardiac PEVK constructs do interact with actin and-in contrast to other expressed titin fragments-slow down actin filament sliding over myosin in the in vitro motility assay. Hydrophobic and electrostatic interactions are likely to participate in these processes. The relatively weak actin-PEVK association, confirmed in actin fluorescence binding assays without myosin and in cosedimentation assays, results in viscous drag appearing during SL changes of passive cardiac myofibrils. The involvement of actin-titin interactions in determining the viscous force of the sarcomere is further demonstrated in selective actin-extraction and titin-proteolysis protocols. The viscous force component will impose a significant internal load onto cardiac myocytes during diastolic stretch but may also oppose shortening during active contraction.
Materials and Methods

Expression of Titin Constructs
cDNA fragments corresponding to different regions of the human cardiac N2-B-titin nucleotide sequence (EMBL accession No. X90568) 13 were expressed solubly in Escherichia coli BL21[DE3]pLysS cells (Stratagene) as described. 17, 29 The following titin constructs were obtained (see Figure 1A ): I24/I25 (two N2-Bspecific Ig-like domains flanking a short unique sequence), I26/I27-I84 (cardiac-PEVK flanked by two N-terminal Ig-like domains and a C-terminal Ig-module), I26/I27 (two Ig-like domains); I84 (a single Ig-like domain), and (FN3) 6 (six fibronectin type 3 domains located at the A-band edge). Nomenclature is according to Reference 21.
In Vitro Motility Assay
An actin-myosin in vitro motility assay was performed with heavy meromyosin (HMM), sometimes also with whole myosin, from chicken breast muscle. 30 Actin was prepared from rabbit back muscle. Measurements were done at 30°C using pure F-actin or tropomyosin-reconstituted F-actin. Tropomyosin was a kind gift of Dr B. Bullard (EMBL Heidelberg, Germany). For buffer composition, see Reference 30. Sliding of rhodamine/phalloidin-labeled actin filaments was monitored in the absence and presence of recombinant titin constructs (0.001 to 100 g/mL). Videotaped movies were analyzed with tracking software (available at http://mc11.mcri.ac.uk/ Retrac) to determine the sliding speed of randomly selected actin filaments within the field of view. The number of stationary filaments was counted within a 50ϫ50-m region of interest.
Fluorescence Actin Binding Assay
This assay was performed in motility-assay flow cells by adding PEVK-titin construct to rhodamine/phalloidin-labeled actin filaments at high (170 mmol/L) and low (50 mmol/L) ionic strength (IS) in the absence of myosin. 26 Bound actin filaments were counted in a 50ϫ50-m region of interest.
Actin-Titin Cosedimentation Assay
Actin-titin binding assays were essentially performed as described. 17 G-Actin and recombinant cardiac-titin constructs were incubated with CaCl 2 or EGTA at 0°C or 30°C. Prepared samples were separated by SDS-PAGE and Coomassie stained. PEVK-titin was visualized also by Western blot using 9D10 monoclonal antibody (Hybridoma Bank, University of Iowa). Scanned images were analyzed with Intelligent Quantifier software (Bioimage).
Cardiac Myofibril Mechanics
Myofibrils were isolated from freshly excised rabbit (male New Zealand White) heart. 17 Small bundles of three to four myofibrils were suspended between a piezomotor (Physik Instrumente) and a force sensor (home-built) with nanonewton resolution. 10, 17 Specimens were held at room temperature in relaxing buffer (IS, 200 mmol/L, pH 7.1) containing 40 g/mL leupeptin and 20 mmol/L active-force suppressing agent, 2,3-butanedione monoxime. Data acquisition/analysis was done using a personal computer, data acquisition board, and LabView software (National Instruments). Myofibril images were videotaped during experiments for later analysis of SL.
In a typical experimental protocol (compare Reference 4), relaxed myofibrils were extended to 2.1 or 3.6 m SL, subjected to a Ϸ0.2 m/sarcomere ramp stretch completed within 4 or 20 ms, held isometrically for 10 to 20 seconds, and released quickly to initial SL. Force sampling rate was 5 kHz. Three identical stretch protocols were carried out (rest interval, 1 minute), and the stress-relaxation response in each recording was fit with a three-order exponentialdecay function. A Ca 2ϩ -independent gelsolin fragment (kindly provided by Dr H. Hinssen, University of Bielefeld, Germany) was added to the relaxing buffer (final concentration, 0.2 mg/mL) to extract actin. 17 The ramp-stretch protocols were then repeated every minute, and stress relaxation was analyzed. Actin extraction was routinely tested by rhodamine/phalloidin fluorescence. 17 In some experiments, stress relaxation was measured during selective proteolysis of titin with 0.03 g/mL trypsin 11 and confirmed by 2.8% SDS-polyacrylamide gel electrophoresis. 17 An expanded Materials and Methods section can be found in the online data supplement available at http://www.circresaha.org.
Results
PEVK-Titin Slows Down Actin Filament Sliding in the In Vitro Motility Assay
A possible interaction between recombinant cardiac-titin constructs and actin was tested in the actomyosin in vitro motility assay. Actin movement should be impaired, if a titin construct tethered actin filaments to the surface of the motility chamber. 31 Altogether five different construct types were used, derived from structurally distinct regions along the N2-B cardiac-titin sequence ( Figure 1A) . A titin segment encompassing Ig-like domains I24 and I25 recently was shown to disrupt sarcomeric actin on overexpression in cardiac myocytes. 19 However, the recombinant I24/I25 construct, which contains a 23-residue unique sequence, did not affect actin filament sliding over myosin ( Figure 1C ). Similarly, the sliding speed was not altered by a titin fragment made up of six FN3 domains at the A-band edge. The only construct consistently showing an effect in the in vitro motility assay was recombinant PEVK-titin, including the flanking Ig-like domains I26/I27 and I84 ( Figure 1C ). As a control, I26/I27 and I84 alone were tested for their impact on actin sliding speed, but no effect was found ( Figure 1C ). As for the PEVK construct, three different batches of expressed protein were studied, all with comparable results. Cardiac PEVK inhibited actin sliding in a concentration-dependent manner; little effect was seen at 10 ng/mL, whereas a Ϸ75% speed reduction occurred at 50 g/mL PEVK ( Figure 1C ). The range of PEVK concentrations used (0.01 to 100 g/mL) corresponds to a PEVK:actin molar ratio between 0.032 and 320. At PEVK concentrations mimicking the physiological situation-near 1 g/mL-actin sliding speed was decreased by Ϸ50% ( Figure 1C ). This slowdown was accompanied by an increase in the number of stationary actin filaments ( Figure 1B ; these filaments were not included in the analysis of Figure 1C ). Concentrations Ն10 g/mL PEVK usually resulted in actin bundling (upper right image, Figure 1B ). Large actin bundles developing in the presence of 50 to 100 g/mL PEVK were seen also by electron microscopy (not shown). The observed effects of cardiac PEVK construct on both actin bundling propensity and actin sliding speed were similar when pure actin filaments, tropomyosin-reconstituted F-actin, HMM, or whole myosin were used. Data presented in Figure 1 are from experiments with HMM and pure F-actin.
Because the concentration of intracellular free Ca 2ϩ changes during muscle activation, we investigated whether Ca 2ϩ affects the PEVK-induced slowdown of actin sliding. Figure 1D shows that high [Ca 2ϩ ] reversed the PEVK effect. The calcium concentration needed for near-complete reversal was higher (100 mol/L) than what is considered physiological (up to Ϸ10 mol/L). We then tested whether Ca 2ϩ -calmodulin and/or Ca 2ϩ -S-100 protein could modulate the effect observed with Ca 2ϩ (for rationale, see Gutierrez-Cruz et al 32 ). However, neither substance (at concentrations of 10 or 100 g/mL; Ca 2ϩ , 10 or 100 mol/L) altered the actin sliding speed in the presence of cardiac PEVK construct in a statistically significant manner (data not shown).
Interaction Between Cardiac PEVK-Titin and Actin
Impact of IS Because the PEVK region is highly charged, it was desirable to study whether IS could affect the interaction between cardiac PEVK-titin and actin. However, in vitro motility assays are generally carried out at low IS (maximum, 50 mmol/L). To test for actin-PEVK association under ionic conditions resembling physiological (Ϸ170 mmol/L), an actin fluorescence binding assay 26 was used. Rhodamine/ phalloidin-labeled actin filaments were incubated with PEVK-titin in the absence of myosin, and the number of fluorescent actin filaments still attached to the coverslip surface after repeated washes was counted ( Figure 2A ). Actin was tethered by PEVK-titin (concentration, 1 or 100 g/mL) to both nitrocellulose-coated coverslips and untreated glass surfaces. Figure 2B shows that many actin filaments were still seen to be bound at high IS, although the number of filaments per field of view was Ϸ5 times lower than at 50 mmol/L IS. In the absence of PEVK construct, almost no actin filaments remained attached ( Figure 2B, control) . Thus, actin and PEVK-titin may associate at physiological IS.
Temperature Dependency
Earlier, we studied cloned fragments derived from different regions of cardiac titin for a possible interaction with actin in cosedimentation assays. 17 At that time, no actin binding to FN3 modules or Ig-like domains was detected, except to a two-Ig fragment from the functionally stiff Z-disc region of titin. Extending the earlier findings, we show here that also the cardiac N2-B-specific Ig-like domains I26/I27 do not interact with actin in the cosedimentation assay ( Figure 3A) . In contrast, cardiac PEVK (including the flanking Ig-like domains I26/I27 and I84, respectively) does exhibit actinbinding propensity. The actin-PEVK association is weak at 0°C, but stronger at 30°C (examples in Figures 3B and 3C) . On Coomassie-stained SDS gels, the interaction was barely detectable ( Figure 3B ), but Western blots with ␣-PEVK antibody 9D10 established the temperature-dependent binding beyond doubt ( Figure 3C ). On average, the actin-PEVK binding propensity was three to four times higher at 30°C than at 0°C, both in the absence and presence of Ca 2ϩ ( Figure  3C ). Ca 2ϩ (concentration, 50 mol/L) appeared to decrease the actin-PEVK affinity somewhat, by a factor of about two at 30°C. At 0°C, the differences were too small to allow reliable conclusions to be drawn.
Actin-Titin Interaction Is the Source of a Viscous Force in Cardiac Myofibrils
To probe a physiological relevance of the actin-PEVK association, force measurements were carried out on rabbit cardiac myofibrils. Nonactivated specimens containing no more than four parallel myofibrils were extended within 4 ms from 2.1 to 2.3 m SL and held in the stretched state, and stress relaxation was measured ( Figure 4A ). Passive force during the hold period initially decayed rapidly, but then more slowly, to a quasi-steady-state level ( Figure 4B ). The force decline could be fit with a three-order exponentialdecay function; the Table shows that the decay time constants were 4 to 5 ms, 50 to 60 ms, and Ϸ30 seconds, respectively. The amplitude of the quickest decay component was strongly (Table) . This quick force decay was shown elsewhere to be viscous in nature, whereas the slower decay components are viscoelastic and may result from unfolding or structural rearrangement of titin domains. 33 The force decay after stretch then was studied in relaxed cardiac myofibrils exposed to a Ca 2ϩ -independent gelsolin fragment to extract actin. Gelsolin treatment removes actin filaments rapidly, 17 except for the portion attached to titin in a Ϸ100-nm-wide region adjoining the Z-line. 16 Severing of the Z-line-adjacent actin takes several minutes, whereas the central Z-disc actin cannot be extracted by gelsolin. 16, 17 This scenario is depicted in Figure 4B through 4D (right panels). Analysis of stress relaxation during gelsolin treatment showed that the whole decay amplitude after 4-ms stretches dropped by Ϸ30% within 3 minutes ( Figure 4C ; Table) .
Exponential-decay fits revealed that this relatively fast drop is due to a decrease of the quickly decaying force component exclusively; the slower-decay components initially are not affected (Table) . More than 3 minutes after gelsolin application, steady-state tension also dropped and stress relaxation became very small ( Figure 4D ). Results of force measurements over a 10-minute period of gelsolin treatment are summarized in Figure 5A ; peak force just after completion of the 4-ms stretch is compared with steady-state force at the end of a 10-second hold period. Figure 5B shows the results of a single experiment to demonstrate the absolute magnitude of tension changes observed. Because 4-ms stretches of 2.1-mlong sarcomeres by 0.2 m correspond to high stretch speeds of nearly 25 muscle-lengths per second, stress relaxation was also studied after 20-ms stretches corresponding to more physiological stretch speeds ( Figure 5C ). Although the rapidly decaying viscous component was lower than in the 4-ms stretch protocols (data not shown), the differences between the time courses of peak force decrease and steady-state force decrease during gelsolin treatment persisted. To conclude, gelsolin application almost immediately decreased the viscous force component during filament sliding, suggesting that interactions involving actin play a main role in the viscosity.
The results described above were obtained at physiological SL, at which weak interactions between actin and myosin in the relaxed state could contribute to viscous drag during SL changes. Therefore, isolated cardiac myofibrils were stretched to beyond overlap of actin and myosin filaments (3.6 to 3.8 m SL), and the stretch-hold protocol again was applied before and during actin extraction. Figure 5D shows that results were qualitatively similar to those obtained at shorter SLs. Ten minutes of gelsolin treatment decreased peak force by Ϸ45%, only slightly less than the Ϸ55% seen at short SLs. Thus, actin-myosin interactions may contribute to some degree to the viscous force decay after quick stretch. However, the majority of this decay must come from other sources, most likely actin-titin interactions. 
Summary of Results of Stress-Relaxation Measurements on Cardiac Myofibrils (n‫)6؍‬ Stretched From 2.1 to 2.3 m SL Within 4 ms and Held at the Stretched Length
Control
Gelsolin ( A is the whole amplitude of tension decay measured from original force data (peak force minus steady-state force). The force decline also was fit with a 3-order exponential decay function of the type f(t)ϭf 0 ϩA 1 ϫexp(Ϫt/t 1 )ϩ A 2 ϫexp(Ϫt/t 2 )ϩA 3 ϫexp(Ϫt/t 3 ), where f 0 is offset, A 1 -A 3 are decay amplitudes, and t 1 -t 3 are decay time constants.
To exclude the possibility that merely actin filament sliding in the medium is responsible for the viscous drag, titin filaments were selectively degraded by low doses of trypsin (0.03 g/mL), which affects preferentially the PEVK region. 34 2.8% SDS-PAGE confirmed effective proteolysis ( Figure 5E ), which was characterized by a quick loss of the native T1-titin band and appearance of titin degradation bands (T2 and T3). Stress-relaxation measurements showed that peak force and steady-state force decreased in parallel during trypsin treatment to near-zero levels after 7 to 8 minutes, when myofibrils usually broke apart ( Figure 5F ). Thus, large viscous forces resulting from actin filament sliding could be excluded. Instead, the combined results of this study suggest that it is the titin filaments, most likely the PEVK domain of titin, which may associate with actin in the sarcomere, thereby contributing to the viscous force during SL changes.
Discussion
Analysis of the diastolic mechanical properties has long been part of the assessment of the performance characteristics of the heart. Important contributors to diastolic wall stiffness are extracellular elements, such as collagen and elastin, albeit mainly toward the high end of the physiological SL range. 10, 11 The principal determinants of passive-tension development at physiological SLs lie inside the cell and were shown to be the titin filaments 10, 11 ; intermediate filaments play only a minor role. 11 Furthermore, titin was recently suggested to determine, to a large part, restoring forces in cardiomyocytes 34 and left ventricular diastolic suction. 22 Whereas titin filaments are the source of much of the elasticity of cardiac muscle, there are also viscous forces appearing during ventricular filling and contraction. [1] [2] [3] The origin of the viscosity is less well understood, although titin has been suggested to contribute to the phenomenon. 4 -6 A viscous load on the contractile apparatus may also arise from an increased microtubule content of cardiac cells, at least in pressure-overload hypertrophy. 7, 8 Here, we propose that viscous effects in normal cardiac muscle may be due to an interaction between actin and PEVK-titin in the sarcomeres.
A previous report suggested, from the study of electron micrographs of rabbit papillary muscle, that actin filaments may laterally associate with titin in the elastic I-band region. 23 Because it was difficult to imagine, at the same time, both actin-titin association along major portions of the sarcomere and relative sliding of thin and thick filaments past one another, the interaction was proposed to be transient or weak. In vitro studies confirmed that actin may interact with whole titin, 24, 25 and native titin was shown to slow down actin filament sliding over myosin in the in vitro motility assay. 26 One report also found binding of actin to an expressed titin-FN3 module or to such a module combined with an Ig-like domain (derived from the A-band edge), 27 leading to the inhibition of actomyosin in vitro motility. 28 However, Ig/FN3-like domains of titin do not interact with actin generally; we confirmed actin binding propensity only for a recombinant two-Ig-like-domain construct from the Z-lineadjacent (functionally stiff) titin region. 17 These issues were addressed in the present work by testing structurally distinct regions of N2-B-cardiac titin for a possible interaction with actin in the in vitro motility assay. This assay was chosen because an effective slowdown of actomyosin motility is characteristic of actin-binding protein. 31 None of the recombinant titin constructs containing exclusively Ig-like or FN3 domains slowed down the sliding of actin filaments (or tropomyosin-reconstituted F-actin) over HMM or whole myosin. Similarly, an expressed construct containing a unique sequence flanked by Ig-like domains I24/I25 had no effect on actin sliding speed. The I24/I25 segment was of particular interest to us, because its overexpression in cardiomyocytes causes disruption of sarcomeric actin filaments. 19 The present findings make it unlikely that the disruption results from direct actin binding to I24/I25. What became clear is that the sliding of actin filaments is inhibited in a concentration-dependent manner specifically by PEVK-titin ( Figure 1 ). Relatively weak actin-PEVK interaction was confirmed in cosedimentation assays, consistent with a recent report on skeletal (fetal) PEVK-titin. 32 In contrast, Ig-like domains from the N2-B-titin region completely lacked actin binding propensity (Figure 3 ). Taken together with earlier results, 17 we conclude that the actin-titin association most likely involves the PEVK region, but not the vast majority of titin domains outside the Z-disc (Ϸ90% of titin consists of Ig-like domains and FN3 modules). 12 At this point we cannot exclude that unique sequences other than the PEVK domain also interact with actin. For example, the N2-Bunique sequence of cardiac titin contains 572 residues, much more than the 163 residues of N2-B-PEVK. 13 However, the fact that a 23-residue insertion contained within the I24/I25 construct did not reduce actin-filament motility suggests that the unique sequences of titin do not bind to actin generally.
An intriguing result is that the interaction between actin and cardiac PEVK titin is modified by temperature ( Figures  3B and 3C ) and ionic conditions (Figure 2) . At physiological IS the binding was weaker than at low IS, which is not unrealistic, considering that charged residues along the PEVK domain 35 may become electrostatically shielded. We propose that electrostatic interactions may be important for both the elastic properties of PEVK titin 36 and the actin-PEVK association. Moreover, the Ϸ4-fold increase in actin-PEVK binding strength on raising temperature from 0°C to 30°C (Figures 3B and 3C) hints at the possibility that the actin-PEVK association involves hydrophobic interactions.
High Ca 2ϩ concentrations reversed the slowdown of actin sliding by cardiac PEVK-titin and slightly inhibited actin-PEVK binding at 30°C in the cosedimentation assay. This is just the opposite of what was found earlier in the case of actin and whole titin. 26 The reason for this discrepancy is unclear at this point. In our hands, Ca 2ϩ alone did not appear to be sufficient for effective regulation of actin-PEVK binding, as the ion concentration producing an effect was an order of magnitude higher than that reached under physiological conditions. Attempts to modify the Ca 2ϩ effect by calmodulin or S-100 protein were unsuccessful. It will be interesting to identify possible mechanisms of Ca 2ϩ -dependent regulation of actin-PEVK binding. Our result that Ca 2ϩ counteracts the actin-PEVK binding is consistent with a finding by Stuyvers et al, 6 who reported that length and stiffness of the sarcomeres increased in the diastolic interval of cardiac muscle, whereas cytosolic free [Ca 2ϩ ] gradually declined in the submicromolar range. The authors hypothesized that the Ca 2ϩ sensitivity of sarcomere stiffness observed at low [Ca 2ϩ ] could result from a Ca 2ϩ -dependent alteration of interaction between titin and thin filaments. Moreover, a cloned fragment consisting of two Ig/FN3-titin domains eliminated the Ca 2ϩ dependence of stiffness, perhaps by competing with endogenous titin for the same binding site on actin. 6 In contrast, findings from our laboratory showing no actin binding propensity of the ␤-sheet domains of titin ( Figure 3A and Reference 17) argue against the possibility that such domains are involved in Ca 2ϩregulated actin binding. Given that the two domains used by Stuyvers et al 6 were derived from the A-band edge, where six individual titin filaments may associate into a supramolecular complex that binds to the thick filament, 37 it is possible that as-yet-unrecognized factors modulate actin-titin interactions. However, the results of this study rather suggest that the most likely site on titin to associate with actin is the PEVK segment.
If binding between actin and titin increases sarcomere stiffness, removal of one of these proteins should decrease stiffness. Indeed, selective actin extraction by gelsolin fragment lowered the stiffness of nonactivated cardiac myofibrils by Ϸ60%. 16, 17 In the present study, the gelsolin effect on the mechanical properties of relaxed cardiac myofibrils was studied in more detail. The investigation was triggered by the finding that skeletal myofibrils exhibit, during a hold period after rapid stretch, a quick viscous force decline that cannot be explained by the viscoelastic properties of titin. 33 Here we showed, on cardiac myofibrils, that actin extraction removes the viscous force component-an effect depending only little on actin-myosin overlap (Figures 5A through 5D ). Further, selective proteolysis of titin drastically lowered the viscous force as well, demonstrating that viscous drag possibly brought about by thin-filament sliding in the surrounding medium is unimportant. These results unequivocally establish actin-titin interaction as a source of viscous force in the sarcomere. Although a main contributor to viscosity most likely is actin-PEVK association, it remains to be seen whether or not some titin domains not studied by us (other Ig-like domains and/or the N2-B-unique sequence) contribute to the phenomenon. In any case, a viscous force component due to actin-titin interaction may not only show up during rapid ventricular filling, but to some degree also during contraction, thereby opposing active shortening. 3, 4 Finally, because the length of the PEVK domain of titin differs in different cardiac-titin isoforms, 21 it is not unreasonable to expect changes in viscous loading when the isoform expression pattern is altered under certain pathological conditions. Increased expression of N2-BA-titin containing a longer PEVK region has been found after 14 days of pacing tachycardia in dog hearts. 22 In summary, titin may interact with actin filaments in the cardiac-muscle sarcomere. During sarcomere-length changes, this interaction may cause viscous drag, which manifests itself in quick stress relaxation after rapid stretch and probably in a force that opposes shortening. Several lines of evidence suggest that actin binding is a property of the PEVK region of titin, as follows: (1) recombinant PEVK constructs (but not Ig/FN3 domains) inhibit actomyosin motility, (2) PEVK-titin binds to actin in in vitro fluorescence binding assays; and (3) PEVK-titin and actin interact weakly in cosedimentation assays. Both hydrophobic and electrostatic interactions are likely to contribute to the actin-PEVK association.
